Rhythmic behavioral and biochemical changes have been observed in both human and animal models with hepatic insufficiency. The basis of all these alterations is the principal endogenous pacemaker, the suprachiasmatic nucleus. The aim of this work, therefore, is to determine cytochrome c oxidase activity, a marker of neuronal activity and oxidative metabolism, in this nucleus in rats with portacaval shunt. In order to do this, this enzyme was histochemically marked and quantified by computer-assisted optical densitometry. Results show a reduced cytochrome oxidase activity in the suprachiasmatic nucleus in animals with portacaval shunts and, inversely, an increase in oxidative metabolism in the pineal gland, another circadian structure. However, the activity measured in a noncircadian brain structure, the hippocampus, which served as a control, showed no changes with surgery. Additionally, locomotor activity was assessed by actimeters and revealed a clearly reduced activity in animals with portacaval shunt. We conclude that the suprachiasmatic nucleus is possibly involved in the rhythmic changes associated with hepatic insufficiency. © 2002 Elsevier Science (USA)
INTRODUCTION
Hepatic encephalopathy is a group of symptoms that may occur when there is damage to the brain and nervous system as a complication of liver disorders, like cirrhosis. This syndrome is characterized by various neurological symptoms including changes in reflexes, consciousness and behavior that can range from mild to severe (8, 41) . Since hepatic encephalopathy has not been attributed to any one toxic substance or altered mechanism, it is considered to result from the combined effect of several factors such as modification of different neurotransmitter systems, the integrity and/or function of the brain-blood barrier, and cerebral energy metabolism (2, 26) . One of the main symptoms of the neuropsychiatric syndrome of hepatic encephalopathy is an altered sleep pattern (15, 27) . Also, in cirrhosis, regardless of the etiology, circadian rhythms of several biological systems have been reported to be modified (5, 7, 71) .
Experimentally, several models have been used to produce hepatic insufficiency and its development into hepatic encephalopathy (8) . In all of these, a change in spontaneous locomotor activity was observed, a behavior characteristic of circadian rhythms. Also, decreased locomotor activity and even changes in circadian rhythms have been observed in models of acute hepatic insufficiency and in portosystemic encephalopathy (16, 30, 78, 79) .
In addition, changes in plasma melatonin levels, the hormone produced by the pineal gland (PG), have been observed. Production of this hormone has a clear circadian rhythm (28, 46) , which is dependent on environmental light conditions, with increased release at night and less during the day. However, rats kept in constant darkness also have a rhythmic melatonin production, but this does not occur in animals kept in constant light (60) . These results seem to suggest that, in addition to regulation by environmental light, there is an internal pattern regulated by an endogenous pacemaker. In fact, in the rat the PG alone is neither rhythmical nor photosensitive but depends on the pattern of noradrenergic stimulation of the superior cervical ganglia for melatonin synthesis (49) . This rhythm is produced in the SCN and is relayed to the pineal gland.
Taken together, these observations suggest that hepatic conditions and changes in the rhythmic sequences of certain biological and behavioral patterns are related. Also, as previously shown by several researchers, the suprachiasmatic nucleus (SCN) has been found to play an important role in these rhythmic changes. In one work, Stephan and Zucker (66) showed how lesions of the SCN destroyed circadian rhythms of fluid ingestion and locomotor activity. Tessonneaud and Locatelli (69) showed that stimulation of the PG by the superior cervical ganglion is dependent on the SCN via its connection with the paraventricular nucleus. Moreover, other authors have reported that SCN lesions modify the production of adrenal corticosteroids and the rhythmic production of ACTH (11, 48) .
Since there appears to be an association between hepatic pathology and certain rhythmic changes, our work was aimed at observing changes in the oxidative metabolism of two structures which show a clear endogenous rhythm: the SCN and the PG. In order to do this we used a well-known histochemical marker of nervous system activity (75) : the mitochondrial enzyme cytochrome c oxidase (CO; EC 1.9.3.1), the activity of which is related to neuronal energetic metabolism. Previous studies have shown changes in energy consumption in the SCN measured by other techniques widely used for determining energetic metabolism such as the baseline incorporation of 2-[
14 C]deoxyglucose (62) , cyclic AMP consumption (53) , and CO activity (44, 52) . However, this is the first time that the quantitative histochemical technique for CO has been used to assess the changes caused by hepatic insufficiency.
MATERIALS AND METHODS

Animals and Surgery
Twenty-four Wistar rats from the vivarium of Oviedo University, Oviedo, Spain, were used. The mean weight of rats at the start of the experiments was 289 Ϯ 34 g. All the animals had ad libitum access to food (Rat A040 maintenance diet, Panlab, Barcelona, Spain) and tap water and were maintained at a constant room temperature (20 Ϯ 2°C), with a relative humidity of 65 Ϯ 10% and an artificial light-dark cycle of 12 h (0800 -2000 h/2000 -800 h). Rats were housed together in groups of four in polycarbonate cages (42 ϫ 65 ϫ 15 cm, Letica, Barcelona, Spain). All the experiments were performed according to the European Communities Council Directive of November 24, 1986 .
The portacaval shunt (PCS) operation was performed (43) with a slight modification consisting of the total clamping of the inferior vena cava during PCS performance (4) . The time in which the portal vein and inferior vena cava were clamped for anastomosis did not exceed 15 min. In the SHAM group, after a bilateral subcostal laparotomy with prolongation to the xiphoid apophysis was performed, the vena porta and the cava inferior were clamped for 15 min (8) . All surgical operations were performed on animals anesthetized by inhalation of ether. The postsurgical recovery period was 60 days.
Assessment of Locomotor Activity
The environmental light conditions were the same throughout the experiment as a 12-h light-dark cycle (lights on from 0800 to 2000 h). This room was kept closed and sound-proofed during the experiment. Animals were given ad libitum access to food and water at all times. There were a total of 12 animals in each group (PCS and SHAM).
Locomotor activity was assessed using infrared sensory units, which permitted quantification of the animal's movements (Actisystem, Panlab). Each animal was placed in its cage on a sensory unit connected to a device for recording movement, which was, in turn, connected to a personal computer. A computer program was used to record the activity of each animal over a previously determined time period. Recordings in each group were made at hourly intervals over a 3-day period. In all cases, animals were placed on the sensory units 4 days before their movements were recorded (conditioning time).
CO Histochemical Labeling of Nervous Tissue
The animals were anesthetized by inhalation of ethyl ether and were vascularly perfused with 0.1 M phosphate buffer (pH 7.6). All of the animals were sacrificed between 1200 and 1300 h (lights-on period). The brains were sectioned on the coronal plane, including the optic chiasm region, according to Paxinos and Watson's atlas (58) , and coated with a cryoprotective gel (OCT compound, Miles Inc., Redding, CA, USA), frozen with freon-22 cooled by liquid nitrogen, and stored at Ϫ70°C. They were sectioned in a cryostat (Jung-Reichert, Frigocut-250, Heidelberg, Germany) at Ϫ20°C, and 20-m-thick sections were obtained. The sections were histochemically processed to reveal CO by diaminobenzidine according to a modification of the Wong-Riley method (75) by Sukekawa (68) . Alternate sections were Nissl stained (with cresyl violet), in order to locate the SCN (Fig. 1) . The same procedure was applied to locate the pineal gland and hippocampus.
To quantify CO activity, the method described by Gonzalez-Lima and Cada (33) was used. Our research group has previously used an adaptation of this technique in developmental brain studies (34) . Briefly, aliquots from entire rat brain homogenates were quantified by the spectrophotometrical method described by Wharton and Tzagoloff (73) . These aliquots contained different mixtures of fresh and heat-inactivated brain homogenate. Cryostat sections from these homogenates were histochemically stained for CO together with the other brain sections in the same staining bath. Using this procedure a calibration curve was obtained between real CO activity measured previously in the aliquots from brain homogenates in specific CO units (1 specific unit ϭ 1 mol cytochrome c oxidized/min and gram tissue (w/w) at pH 7 and 23°C) and the densitometry of the histochemical CO stain was measured by a computer image analyzer attached to a microscope (Leica, Q-Win, Wetzlar, Germany). With the help of this conversion curve, the densitometric values obtained with the image analyzer from the suprachiasmatic nucleus were transformed to CO-specific units. Brain regions were selected on the screen using a digitizer board as input device. The image pixels inside these regions are automatically converted to gray tones that correspond to integrated mean optical density values. The microscope light source remains constant across measures, since its intensity is computer controlled.
Nine of 12 animals from each experimental group (PCS and SHAM) were used for CO histochemistry. For each animal, six measurements were obtained in the suprachiasmatic nucleus (n ϭ 9 each group). Additionally, three measurements were taken in the pineal gland and seven measurements were collected from the hippocampus (CA1 and CA3 areas) per animal in each experimental group (n ϭ 7 each group). Fewer animals were used to evaluate CO activity in both the pineal gland and the hippocampus, due to the high level of homogeneity in CO activity shown by these brain regions.
Statistical Analysis
Differences in organ and body weights from both groups were analyzed using Student's t tests. The normal distribution of the CO measures was first evaluated using a Kolmogorov-Smirnov test with Lillefor's correction. Then, a repeated-measures two-way analysis of variance (ANOVA) followed by Tukey's test (with Spjøtvoll-Stoline correction for unequal sample sizes) for multiple comparisons was applied to CO data (the brain region selected was the repeated-measures factor and surgical treatment group was the independent factor).
Locomotor activity data from PCS and SHAM rats were compared using Student's t test for independent measures and its nonparametric equivalent (MannWhitney's U test) when normality (Kolmogorov-Smirnov) and equal variance (Levene median test) tests were not passed.
RESULTS
Testing the Portacaval Shunt
Results revealed that PCS animals showed a minimal increase in body weight 60 days after intervention (14% of their initial weight compared to a mean increase of 45% in the SHAM group; Student's t test; P Ͻ 0.001; see Table 1 ). The liver weight in PCS animals had a mean decrease of 41% versus SHAM group (P Ͻ 0.001; Table 1 ). Testicular weight decreased in the PCS animals by 47% compared to animals in the SHAM operated group (P Ͻ 0.001; Table 1 ). Finally, no postmortem abnormal changes were observed in the anastomosis in any of the operated animals.
CO Activity in Suprachiasmatic Nucleus, Pineal Gland, and Hippocampus
The photomicrographs (Fig. 1) indicate CO histochemistry in the SCN of sham rats. Statistical analysis of CO data by ANOVA showed a highly significant interaction between surgical treatment and brain regions selected (F(3,36) ϭ 11.22; P Ͻ 0.0001). Posthoc analysis of the interaction showed significantly lower CO values in the SCN from the PCS group (Tukey's test; P Ͻ 0.05) and higher values in the PG (Tukey's test; P Ͻ 0.01) (Fig. 2) . In the hippocampus, posthoc analyses showed no statistically significant differences between treatments (PCS vs SHAM) in both the CA1 and the CA3 areas (Fig. 2) .
Locomotor Activity
The statistical analysis applied to the total locomotor activity results revealed significant differences between the PCS and the SHAM groups (Student's t(22) ϭ 2.66, P Ͻ 0.05, Figs. 3 and 4) . However, there were no differences between both groups during the light phase (Mann-Whitney's U test, P Ͼ 0.9), but a significant result was obtained during the dark phase (Mann-Whitney's U test, P Ͻ 0.01).
DISCUSSION
The changes in CO activity found in the present study between the PCS and the SHAM groups (Fig. 2) could be explained by two hypotheses: (i) a shift in the periods of CO activity caused by PCS and (ii) an additional consequence of general morpho-functional changes in the nervous system after PCS that involve endogenous circadian rhythms.
FIG. 3.
Average locomotor activity of each group (mean Ϯ SEM, n ϭ 12 per group) during the light and dark periods and over the entire 24-h period (total activity); *P Ͻ 0.0001 (Student's t test). PCS, portacaval shunted group; SHAM, sham-operated group.
FIG. 2.
Determination of cytochrome oxidase (CO) activity (mean Ϯ SD) in the suprachiasmatic nucleus (SCN, n ϭ 9 per group), the pineal gland (PG, n ϭ 7 per group), and hippocampal regions (CA1 and CA3, n ϭ 7 per group). PCS, group with portacaval shunt; SHAM, sham-operated group; *P Ͻ 0.05, **P Ͻ 0.01 (Tukey's test).
FIG. 4.
Plot of the mean activity per hour (mean Ϯ SEM) of each group over the entire 24-h period, across 1-h intervals. The increased activity in the dark phase of both groups can be observed with a smaller amplitude in the portacaval shunted group and no differences between groups during the light period. The "MESOR" line indicates the mean basal activity during the entire period. PCS, portacaval shunted group; SHAM, sham-operated group.
In relation to our first hypothesis, the SCN produces intrinsic circadian rhythms of biochemical and physiological parameters, such as glucose uptake (62, 74) , spontaneous electrical activity (9) , and ATP levels (77) . In this way, our group has recently reported that the CO activity of the SCN changes according to light conditions (44) . These results suggest that the differences in CO activity in both the SCN and the PG could reveal a displacement in CO activity.
As for our second hypothesis, the changes observed in CO activity could be a consequence of other alterations produced by PCS. However, our results differ from several works dealing with metabolic activity after PCS (24) . A possible explanation for the discrepancies found in the results would be that most of the other studies are based on techniques which measure rates of cerebral metabolic glucose utilization (CMR Glc ) (22) . This could explain why the results reported in several works differ (24), since these authors found different results in CMR Glc after PCS when deoxy-[ 14 C]glucose or 6-[
14 C]glucose was used. Differences in the hippocampal metabolism of PCS rats have also been found. Two factors could account for these discrepancies (i) CO activity is only indirectly related to CMR Glc or (ii) CO histochemistry has a better anatomical resolution than the above-mentioned autoradiographic methods and can clearly distinguish the anatomical subdivisions of the hippocampus (CA1, CA3). The present data confirm those reported by Cruz and Dienel (22) with the deoxy-[
14 C]glucose technique regarding the absence of changes in the hippocampus after PCS. From our results in the SCN, we can see that this brain region is anatomically well defined with CO histochemistry (Fig. 1) . This explains why other authors have obtained similar results with this or other quantitative methods for CO or CMR Glc (33, 36, 39, 52) . However, no differences in the CMR Glc of the SCN have been found in studies using another marker (2-[ 14 C]deoxyglucose) (32) . Again, these results must be interpreted with caution, not only because of the differences in the techniques used to measure CMR Glc , but also because of the differences between CMR Glc and oxidative metabolism (CO). However, these techniques are related since they can both be considered as indirect indices of energy metabolism, i.e., glucose metabolism in the central nervous system (32) . Additionally, there is a clear correlation between energy (stored in form of ATP) and CO levels (38) . Moreover, CO activity has already been used as a marker of oxidative metabolism and neuronal activity in neurodegenerative processes (Alzheimer's disease) (13) .
On the other hand, the changes found in oxidative metabolism in both the SCN and the PG could be linked to impairments developed by PCS animals in some neurotransmitter systems (10) . Both histamine and serotonin have been shown to increase in rats with PCS (26, 29, 70) . Histamine could be involved in regulation of the neuroendocrine system, the sleep-wake cycle, feeding, and locomotor activity via connections between the SCN and the tuberomamillary nucleus (55, 56, 76) . Moreover, there is a clear relationship between serotonin and the SCN since one of the main afferents to the SCN comes from the raphe nuclei, which represent around 12% of the nerve terminals of the SCN (67) . In agreement with our results of altered CO activity in PCS rats, in vitro studies have shown that histamine appears to act on the SCN itself, producing phase changes on a neuronal level (19) , and that serotonin acts on glucose uptake (23) . Therefore, the increase in histamine and serotonin levels observed in PCS animals could be in part responsible for an impaired oxidative metabolism (45) .
Our results also suggest an important role for astrocytes in SCN activity (50, 59) and alterations in the glial cell population from PCS rats are frequently reported (1, 54) . However, although glial cells have a negligible CO activity (their metabolism is based mainly on anaerobic glycolisis (75)), their close relationship with neurons would explain a possible indirect alteration of neuronal CO activity. Moreover, changes in gonadal hormones in PCS rats (37, 72) influence SCN activity since they have activational properties on several aspects of circadian rhythms (40, 51, 57) .
In relation to the CO activity in the PG, rats also have altered oxidative metabolism in the PG, with higher values of CO activity between 12 and 13 h of the light phase (Fig. 2) . Zee et al. (79) found higher diurnal plasma melatonin levels in PCS animals than in SHAM animals, possibly related to the increased CO activity observed in the present study. However, the elevated melatonin levels could be caused by an impaired hepatic catabolism in PCS rats (64) . There are several possible explanations for this increase. It could caused by alterations in the SCN itself (69) or in its histaminergic afferents (47) , by increased tryptophan levels, or by changes in the pineal glial cells involved in the glutamate and GABA metabolism via glutamine synthetase (42) . On the other hand, the PG is also a target organ for estradiol and testosterone, which can have greatly altered plasma levels in rats with PCS (35, 37, 72) .
The PG plays a role in maintaining circadian rhythms because of its ability to modulate the SCN itself (12, 25, 31) . Moreover, the diurnal increase in melatonin could contribute to a decrease in SCN oxidative metabolism, since, in short experiments on the SCN, melatonin reduces the high level of metabolic activity found during the light phase (61) .
Regarding the spontaneous locomotor activity of animals with PCS, a clear circadian rhythm is observed 60 days after surgery, with a clear increase in activity during the dark or active phase. This change is known to be regulated by the light-dark cycle since the activity curve is dependent on the presence or absence of environmental light. In this way, total locomotor activity during the complete cycle (24 h) is significantly lower in this group compared to SHAM animals (Fig.  3) . In general, hypoactivity of animals with PCS, as well as in other experimental models of hepatic encephalopathy, is a common finding in studies that use either the open-field or actimeters (29, 63, 78) .
This clear hypoactivity observed in rats with PCS cannot be directly due to the increase in ammonia resulting from the portacaval shunt since administration of ammonium acetate in control rats does not induce this behavior (6) . Also, the use of neomycin improves impaired activity without decreasing ammonia levels (17) . It is more likely to be caused by increased serotonin levels (5) or by abnormal functioning of the SCN itself (21) . However, our data differ from those published by other authors which report increased activity during the light phase with a decrease in total activity and even a loss of circadian rhythms in 50% of the animals (20, 65, 79) . In the present study, animals with PCS had similar values to SHAM animals during the light period (Fig. 4) . These data confirm those reported by other authors, which found a decreased locomotor activity during the dark phase (3, 63) . The latter decrease of locomotor activity during the dark phase cannot be attributed to deficits in the motor system, since the values during the light phase are identical to those from the control group.
In conclusion, our results show, for the first time, changes in CO activity in the SCN and PG in rats with PCS. Moreover, reduced locomotor activity was observed in rats with PCS. Our findings agree with data from human patients with cirrhosis and hepatic encephalopathy, in relation to an abnormal circadian time-keeping system: elevated melatonin levels during daytime hours, sleep disorders, or changes in several biochemical parameters in blood (8, 14, 18, 64) .
